Acute and chronic liver diseases constitute a global concern, and the medical treatments for these diseases are often difficult to handle and have limited efficacy. Therefore, there has been considerable interest in the role of complementary and alternative medicines for the treatment of liver diseases.
1)
Developing therapeutically effective agents from natural products may reduce the risk of toxicity when the drug is used clinically.
Carbon tetrachloride (CCl 4 ) is a well-known hepatotoxin that is widely used to induce toxic liver injury in a range of laboratory animals. CCl 4 -induced hepatotoxicity is believed to involve two phases. The initial phase involves the metabolism of CCl 4 by cytochrome P450 to the trichloromethyl radical (CCl 3 · ), which leads to lipid peroxidation.
2) Heme oxygenase-1 (HO-1), the rate-limiting enzyme in heme catabolism, is known to be induced by oxidative stress and to confer protection against oxidative stress injuries.
3) The second phase of CCl 4 -induced hepatotoxicity involves the activation of Kupffer cells, which is accompanied by the production of proinflammatory mediators. 4) Several microarray studies have been reported describing gene expression changes caused by acute CCl 4 toxicity, 5) although the significance of these changes has not been fully understood.
Licorice, the root of Glycyrrhiza glabra, is one of the oldest and most commonly prescribed herbs in Eastern traditional medicine, and has been used to treat tuberculosis, peptic ulcers, and liver injury in a number of clinical disorders. 6) Glycyrrhizin is a major active constituent isolated from licorice that scavenges reactive oxygen species (ROS) and has an anti-inflammatory action. 7, 8) A recent report suggested that glycyrrhizin also inhibits anti-Fas antibody-induced hepatitis by acting upstream of the activation of CPP32-like protease. 9) However, there is limited information available on the in vivo hepatoprotective effect of glycyrrhizin.
This study investigated the effect of glycyrrhizin on acute hepatic injury, the specific molecular mechanisms of protection, and the effect of glycyrrhizin on both hepatic oxidative stress and inflammation.
MATERIALS AND METHODS

Isolation and Purification of Glycyrrhizin
The dried roots of Glycyrrhiza glabra from the Shenyang province of China were purchased from Kwanglim Co. (Daegu, Korea) and were authenticated by Dr. J. H. Lee, an Oriental medicine specialist. A voucher specimen (# 06-04-0002) was deposited at the College of Pharmacy, Yeungnam University, Korea. The roots of Glycyrrhiza glabra (10 kg) were extracted with methanol (50 l) at room temperature. The methanol extract was evaporated under reduced pressure to obtain a residue (2.6 kg), which was then dissolved in water (3.5 l) and partitioned with methylene chloride (3.5 lϫ3). The methylene chloride soluble fraction (230 g) was chromatographed on silica gel (6.2 kg), with gradient elution using n-hexane/ethyl acetate mixtures (100 : 0, 98 : 2, 95 : 5, 90 : 10, 85 : 15, 80 : 20, 5 l for each gradient) to give sixteen fractions (G01-G16). Fraction G04 (3200 ml, n-hexane-ethyl acetate, 98 : 2) was purified by crystallization from cold methanol to yield glycyrrhizin (450 mg), which was subjected to analytical HPLC (25-75 mm, 5 mm i.d.ϫ20 cm, Shim-pack ANAL-ODS column; Shimadzu, Japan) with elution by methanol-wateracetic acid (65 : 34 : 1 (v/v), 1 ml/min) to afford its purity 11, 2007 (Ͼ95%) and retention time (26 min). The structure of glycyrrhizin was identified with an authentic sample by comparing their NMR and MS spectral data. 10, 11) Animals and Treatment Regimens Male ICR mice weighing 25-30 g were fasted overnight but given tap water ad libitum. All the animals were treated humanely under the Sungkyunkwan University Animal Care Committee Guidelines. The animals were randomly assigned to 7 groups containing 8 animals per group. The mice in group I (control) received only olive oil (10 ml/kg, i.p.). In groups II to VII, CCl 4 was dissolved in olive oil (1 : 19, v/v) and administered intraperitoneally (final concentration; 0.5 ml/kg). The animal groups I and II (vehicle) were treated intraperitoneally with saline (10 ml/kg). The animals in groups III to VI were treated intraperitoneally with glycyrrhizin (50, 100, 200, 400 mg/kg), and the animals in group VII were treated with silymarin (positive control, 200 mg/kg, i.p.), 24 h and 0.5 h before and 4 h after administering CCl 4 . The dose and timing of the glycyrrhizin treatment were selected based on previous reports, 12) as well as its efficacy in a retrorsine-induced hepatotoxicity model 13) and an anti-Fas antibody-induced mice hepatitis model. 9) Blood was collected from the abdominal aorta 24 h after CCl 4 administration. The liver was isolated and used immediately to prepare the mRNA, and was stored at Ϫ75°C for later analysis, except for the part in the left lobe, which was used for histological analysis.
Assessment of Serum Aminotransferase Activities The serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were determined using a Hitachi 747 automatic analyzer (Hitachi, Tokyo, Japan).
Determination of Hepatic Lipid Peroxidation and Glutathione Contents The steady-state level of malondialdehyde (MDA), a lipid peroxidation end product, was analyzed by measuring the level of thiobarbituric acid reactive substances (TBARS) spectrophotometrically at a wavelength of 535 nm, according to the method reported by Buege and Aust 14) using 1,1,3,3-tetraethoxypropane (Sigma, St. Louis, MO, U.S.A.) as the standard. The total glutathione level was measured spectrophotometrically at a wavelength of 412 nm, with yeast glutathione reductase, 5,5Ј-dithio-bis(2-nitrobenzoic acid), and NADPH, according to the methodology reported by Tietze. 15) The oxidized glutathione (GSSG) level was measured using the same method in the presence of 2-vinylpyridine, 16) and the reduced glutathione (GSH) level was determined by the difference between the total glutathione and the GSSG levels.
Histological Analysis Twenty-four hours after administering CCl 4 , a small piece of liver tissue from the anterior portion of the left lateral lobe was removed for histological analysis. The sample was fixed by immersing it in 10% neutral-buffered formalin. The sample was then embedded in paraffin, sliced into 5-mm sections, and stained with hematoxylin-eosin for a blinded histological assessment. The degree of portal inflammation, hepatocellular necrosis, and inflammatory cell infiltration was evaluated semiquantitatively according to the method reported by Frei et al. 17) The stained 5-mm sections were graded as follows: 0, absent; I; minimal; II, mild; III, modest; and IV, severe. The histological changes were evaluated in nonconsecutive, randomly chosen ϫ200 histological fields.
Measurement of Serum Tumor Necrosis Factor-a a (TNF-a a) Levels The serum TNF-a level was quantified using enzyme-linked immunosorbent assay (ELISA) with a commercial mouse TNF-a ELISA kit (eBioscience, San Diego, CA, U.S.A.) according to the manufacturer's instructions. Western Blot Immunoassay Freshly isolated liver tissue was homogenized in a lysis buffer. In order to determine the level of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and heme oxygenease-1 (HO-1) protein expression, 10 mg of protein samples from the liver homogenates were loaded per lane on 10% polyacrylamide gels. The protein samples were then separated by sodium dodecyl sulphate/polyacrylamide gel electrophoresis (SDS/ PAGE) and transferred to nitrocellulose membranes using a semi-dry transfer process. After transfer, the membranes were washed with Tris buffered saline (TBS) and blocked for 1 h at room temperature with 5% (w/v) skim milk powder in TBS. The blots were then incubated overnight at 4°C with the polyclonal antibodies against mouse iNOS ( Total RNA Extraction and Reverse Transcription Polymerase Chain Reaction (RT-PCR) The total RNA was extracted using the method reported by Chomczynski and Sacchi. 18) Reverse transcription of the total RNA extracted from the tissue samples was carried out in order to synthesize the first strand cDNA using the oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer and SuperScript TM II RNase H Ϫ Reverse Transcriptase (Invitrogen Tech-Line TM , Carlsbad, CA, U.S.A.). The PCR reaction was carried out with a diluted cDNA sample and was amplified in a 20 ml reaction volume. The final reaction concentrations are as follows: primers, 10 pmol; dNTP mix, 250 mM; ϫ10 PCR buffer; and Ex Taq DNA polymerase, 0.5 U per reaction. RT-PCR was carried out with an initial denaturation step at 94°C for 5 min and a final extension step at 72°C for 7 min using GeneAmp 2700 thermocycler (Applied Biosystems, Foster City, CA, U.S.A.). The amplification cycling conditions are as follows: for TNF-a, 28 cycles at 94°C for 30 s, 65°C for 30 s, and 72°C for 60 s; for iNOS, 35 cycles at 94°C for 30 s, 65°C for 30 s, and 72°C for 30 s; for COX-2, 35 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s; for HO-1, 30 cycles, and for b-actin, 25 cycles at 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s. After RT-PCR, 10 ml samples of the PCR products were visualized by ultraviolet illumination after electrophoresis through 1.5% agarose gel and ethidium bromide staining. The intensity of each PCR product was analyzed semiquantitatively using a digital camera (DC120, Eastman Kodak, New Haven, CT, U.S.A.) and analyzing software.
Statistical Analysis
The overall significance of the results was examined using one-way analysis of variance (ANOVA). The differences between the groups were considered statistically significant at a p value Ͻ0.05 with the appropriate Bonferroni correction made for multiple comparisons. The results are presented as a meanϮS.E.M.
RESULTS
Serum Aminotransferase Activities
The serum levels of ALT and AST in the control animals were 66.6Ϯ5.5 and 128.0Ϯ14.3 U/l, respectively. 24 h after the CCl 4 treatment, the serum ALT and AST levels increased to approximately 174.7 and 94.1 times that in the control animals, respectively. Glycyrrhizin, at the doses of 200 mg/kg and 400 mg/kg, significantly reduced these increases. The ALT and AST activities were also decreased in the silymarin-treated group compared with the vehicle-treated CCl 4 group (Fig. 1) .
Lipid Peroxidation and Hepatic Glutathione Contents
The administration of CCl 4 increased the hepatic level of MDA to approximately 1.3 times that of the control animals. This elevation was attenuated by 200 mg/kg of either glycyrrhizin or silymarin. The GSH level in the control animals was 6.3Ϯ0.4 mmol/g liver. The GSH content decreased significantly 24 h after CCl 4 administration but was markedly attenuated by 200 mg/kg glycyrrhizin. Hepatic GSSG concentration was unchanged among any of the experimental groups. The ratio of GSH to GSSG, an indicator of the hepatocellular redox state, markedly declined after the CCl 4 treatment. The decrease in the ratio of GSH to GSSG was attenuated by glycyrrhizin (Table 1) . Histological Analysis The histological features shown in Fig. 2 and Table 2 show a normal liver lobular architecture and cell structure of the livers in the control animals. However, the livers exposed to CCl 4 showed multiple and extensive areas of portal inflammation and hepatocellular necrosis, randomly distributed throughout the parenchyma, as well as a moderate increase in inflammatory cell infiltration. These pathological changes were inhibited by glycyrrhizin and silymarin at the doses of 200 mg/kg.
Serum TNF-a a Levels The serum levels of TNF-a were low in the control animals. However, in the CCl 4 -treated animals, the serum level increased 2.3-fold 24 h after the CCl 4 treatment. This increase was reduced by glycyrrhizin (200 mg/kg). Glycyrrhizin treatment alone did not affect the serum levels of TNF-a (Fig. 3) .
iNOS, COX-2, and HO-1 Protein Expression The amount of iNOS, COX-2, and HO-1 protein in the livers increased markedly 24 h after CCl 4 administration. The increases in iNOS and COX-2 protein levels were significantly attenuated by glycyrrhizin, while the level of HO-1 protein expression was further elevated by the treatment of glycyrrhizin. Glycyrrhizin treatment alone did not alter the protein level of iNOS, COX-2, and HO-1 (Fig. 4) .
TNF-a a, iNOS, COX-2, and HO-1 mRNA Expression As shown in Fig. 5 , the levels of TNF-a, iNOS, COX-2, and HO-1 mRNA in the CCl 4 group were 4.5-, 3.2-, 5.0-, and 1.7-fold higher than the control level, respectively. The increase in TNF-a, iNOS, and COX-2 mRNA levels were significantly suppressed by glycyrrhizin, while the level of HO-1 mRNA expression was augmented by the glycyrrhizin treatment. The mRNA expression of TNF-a, iNOS, COX-2, and HO-1 was unaffected by the glycyrrhizin treatment itself.
DISCUSSION
In this study, the protective effect of glycyrrhizin was ex- The results are presented as the meanϮS.E.M. of 8 animals per group. * , * * Denotes significant differences from the control group (pϽ0.05 and pϽ0.01); ϩ, ϩϩ denotes significant differences from the vehicle-treated CCl 4 group (pϽ0.05 and pϽ0.01). The results are presented as a meanϮS.E.M. for 8 animals per group. * , * * Denotes significant differences from the control group, pϽ0.05 and pϽ0.01, respectively; †, † † denotes significant differences from the vehicle-treated CCl 4 group, pϽ0.05 and pϽ0.01, respectively. amined using a model of CCl 4 -induced hepatotoxicity. The susceptibility of the liver to chemical injury is as much a function of its anatomical proximity to the bloodstream and gastrointestinal tract as to its ability to biotransform and concentrate xenobiotics. CCl 4 -induced liver injury in a range of laboratory animals is considered to be an analogue of the liver damage caused by various hepatotoxins in humans. 19) In the vehicle-treated CCl 4 group, the ALT and AST levels increased dramatically compared with the control group, indicating severe hepatocellular damage. In contrast, a treatment with 200 and 400 mg/kg of glycyrrhizin markedly attenuated the release of ALT and AST. Furthermore, the hepatoprotective effect of glycyrrhizin appeared to be higher than that of silymarin, which is used as a potent hepatoprotective agent. The histological observations of the liver samples strongly support the release of aminotransferases by the Liver samples were isolated 24 h after administering the CCl 4 (0.5 ml/kg, i.p.). The samples were fixed in 10% neutral-buffered formalin prior to paraffin-embedding, and stained with hematoxylin and eosin. The histological changes were graded according to the following criteria: 0, absent; I, minimal; II, mild; III, modest; and IV, severe. 8 samples per group. damaged hepatocytes as well as the protective effect of glycyrrhizin (Fig. 2, Table 2 ). CCl 4 caused various histological changes to the liver, including cell necrosis, fatty metamorphosis in the adjacent hepatocyte, ballooning degeneration, cell inflammation, and the infiltration of lymphocytes and Kupffer cells. These alterations were significantly attenuated by glycyrrhizin with the livers showing only minor hepatocellular necrosis and inflammatory cell infiltration, and mild portal inflammation. These results suggest that glycyrrhizin may have potential clinical applications for treating liver disorders.
In contrast to other known hepatotoxins, CCl 4 is not toxic per se but is responsible for oxidative stress and lipid peroxidation through the cytochrome P450-mediated generation of the highly reactive CCl 3 · , leading to eventual cellular damage characterized by hepatocellular necrosis. 20) The subsequent chloromethylation, saturation, peroxidation, and the progressive destruction of the unsaturated fatty acids of the membrane phospholipids are collectively known as lipid peroxidation, which leads to a functional and structural disruption.
21) The hepatoprotective effect of glycyrrhizin can also be ascribed to the suppression of lipid peroxidation as well as its propagation in the liver because glycyrrhizin at a dose of 200 mg/kg could attenuate the CCl 4 -induced increase in the hepatic MDA content. Another study suggested that glycyrrhizin may provide the maximum conjugation with detrimental free radicals and deprive them of their toxic properties. 22) A more definitive characterization of CCl 4 -induced oxidative stress was evidenced by the decrease in the level of hepatic GSH. The GSH system acts as a major antioxidant defense mechanism against the toxic effects of free radicals. 23) These results suggest that CCl 4 causes direct cellular damage through thiol oxidation and subsequent lipid peroxidation. Moreover, the glycyrrhizin treatment attenuated the lipid peroxidation and decrease in the hepatic GSH content, which suggests that glycyrrhizin increases the hepatic pool of GSH and reduces oxidative stress.
Excessive oxidative stress has been suggested as a reason for the upregulation of HO-1, as this enzyme is known to be readily inducible upon such stressors. 24) HO-1 is a rate-limiting enzyme in the catabolism of heme and a heat shock protein (HSP32). By the equimolar production of the antioxidant bilirubin, free iron, and vasodilative carbon monoxide, HO-1 represents a cytoprotective enzyme and, when expressed, produces therapeutic benefits in a number of different conditions and diseases, such as sepsis, inflammation, and ischemia/reperfusion injury. 25) In line with this, HO-1 induction has been shown to confer protection in CCl 4 -induced hepatotoxicity, as assessed by the measurements of liver transaminase levels and cytological examination of liver histology.
3) In our study, the expression of HO-1 protein was significantly increased after the CCl 4 treatment. This is in concordance to the results reported by Nakahira et al. The results are presented as a meanϮS.E.M. for 8 animals per group. * * Denotes significant differences from the control group ( pϽ0.01); ϩ, ϩϩ denotes significant differences from the vehicle-treated CCl 4 group (pϽ0.05 and pϽ0.01).
markedly increased both at transcriptional and protein levels in hepatocytes, especially around the central vein. Additionally, treatment with glycyrrhizin markedly augmented HO-1 protein expression after CCl 4 treatment, which suggests that a strong induction response of HO-1 by glycyrrhizin is to protect liver cells from CCl 4 -induced oxidative cellular injuries.
The liver is a major inflammatory organ, and inflammatory processes contribute to a number of pathological events after exposure to various hepatotoxins. Kupffer cells release proinflammatory mediators either in response to necrosis or as a direct action by the hepatotoxin, activated, which are believed to aggravate CCl 4 -induced hepatic injury. 26) TNF-a, a pleiotropic proinflammatory cytokine, is rapidly produced by macrophages in response to tissue damage. 27) While low levels of TNF-a may play a role in cell protection, excessive amounts cause cell impairment. An increase in the TNF-a level has been directly correlated with the histological evidence of hepatic necrosis and the increase in the serum aminotransferase levels. 28) DeCicco et al. 29) have reported the stimulation of TNF-a production in both serum and liver following CCl 4 administration, and it is suggested that CCl 3 · activates Kupffer cells to release TNF-a. TNF-a also stimulates the release of cytokines from macrophages and induces the phagocyte oxidative metabolism and nitric oxide production. 30) Nitric oxide is a highly reactive oxidant that is produced through the action of iNOS, and plays a role in a number of physiological processes, such as, vasodilation, neurotransmission, and nonspecific host defense. 31) Nitric oxide can also exacerbate oxidative stress by reacting with reactive oxygen species, particularly with the superoxide anion, and forming peroxynitrite. 32) As nitric oxide has a range of effects on a variety of biological processes, it is unclear if it is beneficial or detrimental in the liver injury induced by hepatotoxins. This study confirmed a significant increase in the serum TNF-a level and iNOS protein expression in the liver after CCl 4 administration. These alterations were attenuated by the glycyrrhizin treatment, which suggests that glycyrrhizin suppresses the TNF-a and iNOS protein secretion and/or enhances the degradation of their protein.
Previous studies reported that the induction of cyclooxygenase in inflammatory response is the secondary effect of CCl 4 -induced hepatotoxicity.
33) COX-2 is the mitogeninducible isoform of cyclooxygenase and is induced in macrophages by several proinflammatory stimuli, such as cytokines and growth factors, leading to COX-2 expression and the subsequent release of prostaglandins. 4) Arachidonic acid is a well-known substrate of cyclooxygenases or lipoxygenases that is metabolized to produce a variety of proinflammatory substrates called eicosanoids, and COX-2 is the key enzyme in the cascade. Free radical mediated oxidative stress or lipid peroxidation can further activate cyclooxygenases and the subsequent prostaglandin formation from arachidonic acid. The results of this study showed an increase in the expression of COX-2 protein after CCl 4 administration. Glycyrrhizin markedly attenuated this increase, suggesting a suppression of inflammatory responses.
Recent developments in genomic technology have led to new investigations into the changes in gene expression caused by an acute treatment with CCl 4 . The acute administration of CCl 4 to rats caused significant changes in the gene expression profiles. 34) The most notable changes in the CCl 4 -treated animals were the expression of the genes involved in stress, DNA damage, cell proliferation, and metabolic enzymes. 35) These gene expression profiles have catalogued the molecular responses to acute CCl 4 toxicity and revealed the genetic basis of hepatic toxicity. In this study, it was observed that the levels of TNF-a, iNOS, COX-2, and HO-1 mRNA expression were increased significantly by the acute CCl 4 treatment. Glycyrrhizin attenuated the increase in COX-2 mRNA, and the level of HO-1 mRNA expression was augmented by glycyrrhizin treatment. This indicates that although posttranscriptional modifications may occur, COX-2 and HO-1 are controlled primarily at the level of transcription in response to an acute dose of CCl 4 . However, glycyrrhizin slightly attenuated the increase in TNF-a and iNOS mRNA expression, which was not well correlated with the levels of their proteins. Therefore, glycyrrhizin may largely regulate the TNF-a and iNOS production by the posttranscriptional level. Additional studies are required to examine this effect in further detail.
These results provide evidence for the pharmacological effect of glycyrrhizin in CCl 4 -induced hepatotoxicity. Overall, glycyrrhizin not only provides maximum conjugation with injurious free radicals and diminishes their toxic properties but also suppresses the inflammatory responses of a CCl 4 -induced liver injury. Further studies will be needed to fully understand the association between oxidative stress and the inflammatory responses in the hepatoprotective effect of glycyrrhizin against CCl 4 -induced hepatotoxicity.
